The purpose of the present study was to investigate whether an energy failure level applies to the skull fracture mechanics in unembalmed post-mortem human heads under dynamic frontal loading conditions. A double-pendulum model was used to conduct frontal impact tests on specimens from 18 unembalmed post-mortem human subjects. The specimens were isolated at the occipital condyle level, and pre-test computed tomography images were obtained. The specimens were rigidly attached to an aluminum pendulum in an upside down position and obtained a single degree of freedom, allowing motion in the plane of impact. A steel pendulum delivered the impact and was fitted with a flat-surfaced, cylindrical aluminum impactor, which distributed the load to a force sensor. The relative displacement between the two pendulums was used as a measure for the deformation of the specimen in the plane of impact. Three impact velocity conditions were created: low (3.60 ؎ 0.23 m/sec), intermediate (5.21 ؎ 0.04 m/sec), and high (6.95 ؎ 0.04 m/sec) velocity. Computed tomography and dissection techniques were used to detect pathology. If no fracture was detected, repeated tests on the same specimen were performed with higher impact energy until fracture occurred. Peak force, displacement and energy variables were used to describe the biomechanics. Our data suggests the existence of an energy failure level in the range of 22-24 J for dynamic frontal loading of an intact unembalmed head, allowed to move with one degree of freedom. Further experiments, however, are necessary to confirm that this is a definitive energy criterion for skull fracture following impact.
INTRODUCTION I
N DEVELOPED COUNTRIES, head injury is a major cause of morbidity and mortality. While traumatic injuries are the leading cause of death under the age of 45 years (Jennet, 1996) , up to half of the trauma deaths and the majority of cases of permanent disability are directly related to a sustained head injury (Kraus, 1993) . Road traffic accidents are the most frequent cause of head injury in western countries, accounting for up to 60% of cases, followed by falls, assaults, and sport and recreation injuries (Jennet, 1996; Kraus et al., 1996) . In order to reduce the burden of head injury, prevention-besides optimal neurosurgical care for the head-injured patientsis mandatory. The importance of prevention is also underlined by the relatively high number of head-injured victims that die before reaching the hospital (Klauber et al., 1984) . Therefore, many studies have been conducted to understand the mechanisms of injury, to develop tolerance criteria, and to provide fundamental data to mathematical analogues such as the finite element model, in order to improve preventive measures. Among others, the biomechanical characteristics of skull fracture have been studied intensively, as the skull bone is the main protector of the soft brain tissue against deformations secondary to external forces. recently published a very thorough review of literature. Despite all these efforts, the exact mechanical pathogenesis of skull fracture has not been completely clarified. It was suggested by Yoganandan et al. (1995) , in a series of 12 head impacts, that the energy-to-failure was a possible tolerance criterion. This was however not confirmed in a series of 61 skull impacts at our institution (Depreitere, 2004; Depreitere et al., 2007) . The present study investigates the energy-to-failure of intact unembalmed human heads during fracture under dynamic frontal loading.
METHODS

Specimen Preparation
Frontal impact tests were conducted on specimens from 18 unembalmed post-mortem human subjects, within 5 days after decease. The specimens were isolated at the occipital condyle level, keeping the intracranial contents intact. Pre-test computed tomography (CT) images were obtained at 1.0-mm intervals to rule out pre-existing anomalies and to acquire geometrical data. During scanning, a spine phantom with known bone mineral densities was scanned together with each specimen (Kalender et al., 1995) . The CT scan data were processed using Mimics™ and Magics™ software (Materialise, Leuven, Belgium). Routines were developed in Matlab™ to calculate scalp and skull thicknesses at the impact site. The average number of Hounsfield Units of the cranial vault, was calculated as a measure for the bone density of the cranial vault, and a Matlab™ routine was developed to calculate the local bone density at the impact site. The largest coronal plane diameter (LR diameter) and the largest axial plane (AP) diameter were measured on the CT scan. The head circumference and the distance between the nasion and occiput (Nasion-Occiput) were measured directly on the specimens. Values are shown in Table 1 . 
BIOMECHANICS OF FRONTAL SKULL FRACTURE
FIG. 1.
Series of skull pictures illustrating the attachment of the steel profile to the test specimen. Four holes are drilled around the foramen magnum (A-C), in which four screws are inserted pointing towards the cavity (D-F). The steel profile is placed in the foramen magnum and fixed using polyester resin that encompasses the screws (G-I).
The medulla oblongata, cerebellar tonsils, and a small caudal part of the cerebellar hemispheres were removed, creating a small intracranial cavity just above the foramen magnum. Four screws were inserted around the foramen magnum, pointing towards the center of this cavity (Fig. 1) . A hollow steel profile (length 70 mm, surface 20 ϫ 20 mm) was rigidly secured in the foramen magnum using a polyester resin (V-11™; Voss Chemie), which totally filled the cavity, encompassing the screws. The steel profile fitted on the interface at the lower end of the aluminum pendulum of the test set-up.
Experimental Set-Up and Protocol
The test set-up was custom made (Fig. 2) and thoroughly validated through a series of frontal impact tests on four embalmed, dry skulls and four embalmed heads (Verschueren et al., 2007) . The test set-up consisted of two pendulums, mounted over a steel bar that was fixed to the wall at one end and supported by a steel structure at the other. One pendulum was made of aluminum and had a mass of 5.6 kg and a length of 128 cm. This pendulum supported the specimens by means of a steel profile, which fitted on the interface at the lower end of the pendulum. Being rigidly attached to the pendulum in an upside down position, the specimens obtained a single degree of freedom, allowing motion in the plane of impact. The second pendulum was made of steel, and had a mass of 14.3 kg and a length of 128 cm. This pendulum was used to strike the blow. It was fitted with a flatsurfaced, cylindrical aluminum impactor with a diameter of 70 mm and a mass of 0.0807 kg, which distributed the load to a force sensor (impact ICP ® force sensor, model 200C20, PCB Piezotronics Inc.; range 0-88,960 N, sensitivity 56.2 mV/kN, mass 0.0932 kg). The impact energy and velocity could be changed by altering the angle at which the pendulum was released or by adding/removing mass by means of steel weights. A laser sensor (displacement sensor M5L/20, Gepa; range 20 mm, accuracy 0.01 mm) was fitted on the steel pendulum on the same height as a small reflective surface on the aluminum pendulum. This allowed assessment of the relative displacement between the two pendulums as a measure for the deformation of the specimen in the plane of impact (after adjustment for the difference between the height of the sensor and the exact height of the specimen impact). The test matrix consisted of a single test on each specimen, either at low (3.60 Ϯ 0.23 m/sec), intermediate (5.21 Ϯ 0.04 m/sec), or high (6.95 Ϯ 0.04 m/sec) velocity. CT and dissection techniques were used to detect pathology. If no fracture was detected, repeated tests on the same specimen were performed with higher impact energy until fracture occurred. The protocol followed in this study was reviewed and approved by the local ethics committee of the University Hospital Gasthuisberg, Leuven, Belgium.
Data Acquisition and Analysis
Data was sampled at a frequency of 65,000 Hz. For data acquisition and management, Testpoint™ software was used. Biomechanical data processing included the transformation of the force-time and displacement-time histories to a force-displacement response. This response was used to compute the energy-absorbing characteristics of the specimen (Allsop et al., 1988 (Allsop et al., , 1991 Yoganandan et al., 1995) . Ideally, the recorded force signal should be inertially compensated for the sprung mass of the load cell and the mass of the impactor plate to obtain the correct impact force-time history. Therefore, we performed three additional impact tests, in which we measured the acceleration history of the striking pendulum. Taking into account the total mass of the load cell (m ϭ 0.0932 kg) and the mass of the impactor plate (m ϭ 0.0807 kg) and the measured maximal tangential deceleration of the striking pendulum (a ϭ 11.25 m/sec 2 ), we obtained a maximum error on the impact force of Ϫ0.04%. This error is negligible. The force and the displacement (specimen deformation) at the time of fracture initiation (F # and d # , respectively) were identified by a peak force value in the force-displacement curve. The area under the curve up to that peak force value was calculated as a measure for the energy absorbed by the specimen until the initiation of the fracture (E abs# ). The measurement error inherent to the set-up was examined, and we found that the set-up allowed for measuring of E abs# with an uncertainty interval of 10% (Verschueren et al., 2007) . 
Statistical Analysis
All statistical calculations were performed using Statistica™ software (StatSoft Inc., Tulsa, OK). Because the distribution of the dependent variables (i.e., F # , d # , E abs# ) is not known and the sample size is too small to assume normality, we used nonparametric methods for statistical analysis, including Spearman rank order correlations and Kruskal-Wallis analysis of variance. The level of significance was set at 0.05. Data is presented as mean Ϯ standard deviation.
RESULTS
Five tests (specimens 2, 6, and 12-14) produced no data due to technical problems. Seven specimens (specimens 1, 4-8, and 10) were initially tested at low velocity, resulting in only two fractured specimens (no. 1 and 6). All specimens were eventually fractured, and fracture patterns were typically linear in the low and intermediate velocity group. The linear fracture originated at the point of impact and extended towards one of the orbital rims (Fig. 3) . In the high-velocity group, the fracture pattern was more complex, although the linear fracture line towards the orbital rim was still visible in all cases (Fig. 4) . Table 2 includes a summary of biomechanical impact data for each specimen. In the high-velocity impact group, mean values of 10239 Ϯ 2562 N, 4.28 Ϯ 0.18 mm, and 22.53 Ϯ 4.69 J were found for the peak force, maximum displacement, and absorbed energy until fracture initiation, respectively. In the intermediate velocity group, mean values of 11070 Ϯ 2686 N, 5.16 Ϯ 1.14 mm, and 24.78 Ϯ 8.33 J were noted (Fig. 5) tive force-deflection response is shown in Figure 6 . After an initial toe region (A), we observed a nearly linear increase in force (B, BЈ), until the specimen reached its peak impact force (C) and initiation of fracture occurred. The linear region seems to consist of two parts, differing in slope. This pattern, however, was less pronounced in the high-velocity group.
Calculation of Spearman rank order correlations showed a positive correlation between several geometrical parameters, as expected (Table 3) . Age did not show any significant correlation with specimen characteristics. Male gender was correlated to a higher specimen weight, a larger AP diameter, and a thicker scalp. The peak force at the time of fracture initiation showed a significant correlation with the bone thickness of the impact site (Table  4) . The maximum displacement (deformation) of the impact site at the time of initiation of fracture was significantly correlated with the distance between the nasion and the occiput. No significant correlations between impact velocities, impactor weight, input kinetic energy, and F # , d # , or E abs# were found. Kruskall-Wallis analysis of variance did not show any statistical significant difference between the low-velocity, intermediate-velocity, or high-velocity groups, when comparing F # , d # , and E abs# values (Fig. 5) .
DISCUSSION
Experimental Set-Up
When using a piston testing device impacting a fixed specimen, it is possible to accurately determine the area of contact at the impact site and to measure the specimen deformation in a direct way (Yoganandan et al., 1995) . However, the stress distribution, and thus the way the skull is deformed, is not the same in restrained and unrestrained conditions. When using free fall-techniques, the specimen is completely unconstrained. This method-BIOMECHANICS OF FRONTAL SKULL FRACTURE ology precludes coupling effects of the cervical column and inferior structures on the biomechanical response of the head. However, determining the exact area of contact at the impact site requires additional sensors and the deformation of the specimen has to be calculated from acceleration data . When using our double pendulum set-up, the specimen is allowed to move with one degree of freedom and at the same time, this set-up allows exact measurement of specimen deformation and area of contact at the impact site. Indeed before the impact is delivered, the fixed specimen can be put in contact with the striking pendulum, allowing for a precise determination of the point of impact and the area of contact. Our test-setup combines the advantages of both above mentioned techniques and satisfactorily mimics real-life accidents (Verschueren et al., 2007) .
Biomechanical Data
Compared to the earlier reported skull experiment, we found higher values for all parameters (Depreitere, 2004; Depreitere et al., 2007) . In this earlier experiment, 61 defleshed, dry, embalmed skulls were hydrated, tested and analyzed by impacting them at different velocities and different impact locations, using the same double-pendulum set-up as in the present study. For these earlier experiments 14 skulls were impacted on the frontal skull bone. In these tests, mean values for F # , d # and E abs# of respectively 3242 Ϯ 699 N, 1.69 Ϯ 0.39 mm and 3.49 Ϯ 0.39 J were found for low-velocity loading (i.e., 2.51-2.75 m/s). For high velocity loading (i.e. 4.59 m/s) we found 6114 Ϯ 2436 N, 1.44 Ϯ 0.53 mm and 4.52 Ϯ 1.91 J respectively. In this group only F # significantly increased with increasing velocity. d # showed a slight decrease and E abs# showed a slight increase with increasing velocity, both not statistically significant.
The different results in the present study can be explained by two major differences in specimen preparation, compared to the earlier skull study: 1) the current specimens were tested without embalming, within a 5 day post-mortem interval and 2) the current specimens still included scalp, soft tissue and intracranial contents. Viceconti et al. (1992) and McElhaney et al. (1964) investigated the effect of different methods of embalming on bone material properties and both authors concluded that a low concentration of formaldehyde only had a limited effect on most mechanical properties. The effect of drying on bone material properties was investigated by Evans and Lebow (1951) and Amprino (1958) and appeared to have a more pronounced effect. Even though all skulls in our earlier skull experiment were hydrated by immersing them in water during the entire preparation process, it could be that the bone properties had already been irreversibly changed during the rather long time (10-30 years) the skulls were stored in air before processing (Verschueren et al., 2006) . However, we think that the presence of the scalp and intracranial contents primarily accounts for the higher values of all parameters in this study. Unfortunately, the exact influence of the scalp and intracranial contents is not clear. When analyzing the individual force-displacement histories, we typically found a toe region (A), followed by a nearly linear region consisting of two parts differing in slope (B-BЈ, Fig. 6 ). We think the toe region DELYE ET AL. reflects the influence of the visco-elastic scalp. Upon impact, the scalp will absorb energy while becoming compressed. Being compressed to its maximum, its energy absorbing capacity is exceeded, and further energy absorption will depend on deformation of the underlying skull. This is reflected in the nearly linear region of the curve (B-BЈ). Why this linear region consists of two parts differing in slope, and thus stiffness, is not well understood and currently under investigation (Verschueren et al., 2006) . Yoganandan et al. (1995) found in the quasistatic loading tests a similar yielding phenomenon, which they contributed to the sequential fracturing of the outer cortex and inner cortex. Such a phenomenon was not observed in the dynamic loading conditions, and they suggested this was due to the high rate of fracture onset that may have resulted in simultaneous fracture propagation. However, they sampled dynamic test data at a frequency of 8000 Hz only. It is possible that such a yielding phenomenon also exists under dynamic loading conditions, but can only be found when data sampling is performed at a much higher frequency, i.e., 65 kHz. vides some evidence for this hypothesis. The linear region is clearly biphasic in the low velocity force-displacement history. In the intermediate velocity group, there is still a clearly biphasic linear region, but it seems that both parts are starting to merge. In the high velocity group, no biphasic linear region is observed anymore. We think that this biphasic region reflects characteristics of the skull, rather than the scalp or intracranial contents, because this biphasic linear region was also present in some of the force-displacement curves from the earlier performed skull experiments. One hypothesis could be that this biphasic region reflects the sequential fracturing of outer cortex followed by inner cortex. Some of the force-displacement histories even show a triphasic region, as suggested in figure 6 (middle). This might perhaps point towards the sequential fracturing of outer cortex, followed by trabecular bone (with a very low stiffness) and inner cortex. Considering the point of peak impact force (C), we found that the peak in the individual force-displacement graphs was getting less pronounced with increasing impact velocity (Fig. 6) . Again, we think that this phenomenon primarily reflects characteristics of the skull, rather than the scalp or intracranial contents, because this phenomenon was also present in some of the force-displacement curves from the earlier performed skull experiments, albeit less pronounced. We think that this 'flattening' might be due to the occurrence of complex fractures of the skull, as seen in high velocity impacts (Fig. 4) . It might be that complex fractures start with a simple linear fracture, accounting for the B-BЈ region (Fig. 6, bottom) and that once the fracture is initiated, the impactor continues to crush the frontal bone, evoking progressively multiplying and expanding fracture lines. This means that after the initial fracture the load carrying capacity of the skull bone drops, however, because of further crushing of bone parts and intracranial contents, this drop is not very pronounced, but rather gentle. These hypotheses are currently under investigation.
DELYE ET AL. Our data seems to correlate well with other studies: Hodgson et al. (1971) noted for frontal loading with a flat plate at 2.81 m/s a mean peak force of 7.6 kN, Stalnaker et al. (1977) reported for frontal loading with a rigid impactor at 6.26 m/s a peak force of 14.6 kN and Yoganandan et al. (1995) noted for dynamic frontal loading values of 13600 N, 4.01 mm and 23.51 J for F # , d # and E abs# , respectively. Yoganandan et al. (1995) , who were the first to study the influence of the loading velocity on the fracture force, found that the critical force increased when increasing the impact velocity. A dynamic scale factor of approximately two was reported, indicating that force tolerance increased by approximately a factor of two under dynamic loading . The energy to failure, however, remained within the same range, suggesting that the energy to failure was a possible tolerance criterion for skull fracture. In our earlier skull experiment (Depreitere, 2004; Depreitere et al., 2007) , the fracture force increased with increasing impact velocity, and-to a lesser degree-the energy to failure increased with increasing impact velocity too, when analyzing all data together. It was then concluded that in a situation where the skull is allowed to move, no fixed energy threshold predicting the occurrence of fractures could be defined. However, because of the use of embalmed, defleshed skulls in the earlier experiment, it was the main purpose of the present study to investigate whether an energy failure level would apply to the skull fracture mechanics in unembalmed post mortem human heads under dynamic frontal loading conditions.
We did not find a statistically significant difference between the low, intermediate or high velocity group, when comparing F # , d # and E abs# values (Fig. 5) . This suggests the existence of an energy failure level in the range of 22-24 J, for dynamic frontal loading conditions. However, some caution in analyzing the current data is needed because of the limitations of this study. First of all, we only had a limited access to test specimens due to the nature of our testing. Therefore, we were not able to perform tests on different impact locations, and had to restrict testing to frontal impacts. Secondly, only two specimens fractured at low velocity conditions and we only obtained data from one specimen in this group, making it nearly impossible to analyze data in this group and compare it to the other groups. Thirdly, the impact velocity used in the high velocity group was only 33% higher than the impact velocity in the intermediate velocity group, due to technical restrains. It could be that this difference in testing speed was not large enough to create two different impact conditions, and that both groups actually displayed the same mechanical response upon impact. However, Kruskal-Wallis analysis of variance showed that input kinetic energy differed significantly in both groups. Furthermore, specimens from the high velocity group always showed multiple fracture lines, whereas specimens from the intermediate velocity group only displayed a single linear fracture (Figs. 3 and  4) . This might indicate some difference in mechanical response upon impact between the two groups.
CONCLUSION
Our data suggests the existence of an energy failure level in the range of 22-24 J for dynamic frontal loading of an intact unembalmed head, allowed to move with one degree of freedom. Individual force-displacement histories show evidence pointing towards the sequential fracturing of outer and inner cortex, even under dynamic conditions. However, due to limitations in sample size and testing speed, we think that some further experiments are still necessary to confirm this possibility of an energy criterion for skull fracture in head impacts. In these tests, testing speed should be increased and other impact locations should be studied.
